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I. Introduction
As the popularity of small Unmanned Air Vehicles (UAVs) has grown, the interest in the small propellers that power these vehicles has grown as well. Besides knowing the performance of these propellers in terms of thrust and power, it is also important to understand the effects of the slipstreams produced by these propellers. A propeller slipstream will not only affect any surfaces of the vehicle directly behind the propeller, but it also has the potential to affect other vehicles that are further away. It is foreseeable that these aircraft might fly in formations or swarms, so they will probably be flying in the wakes of one another. Since small UAVs are generally light in weight, they are more susceptible to any gusts.
To help understand the nature of the slipstream from small-scale propellers, a 7-hole probe was used to measure the flow behind these propellers. Several propellers were tested in both static (V ∞ = 0) and advancing-flow (V ∞ < 0) conditions, and slipstream profiles were measured at several locations downstream from the propeller. The effect of a wing on a propeller slipstream was also tested. A flat-plate wing was placed behind the propeller, and this wing-propeller slipstream was measured and compared to the slipstream of an isolated propeller.
II. Expected Slipstream Results from Theory
Before discussing the experimental procedure and the results from the slipstream measurements, a review of momentum theory for a propeller is useful in providing some background to what results are expected. Momentum theory is not derived in this paper as it can be found in many sources such as Johnson, 1 
Leishman,
2 and McCormick. 3 The naming scheme for the variables in this section is similar to that used by McCormick. 3 The results from momentum theory will explain how a change in Reynolds number will affect the slipstream and how total pressure measurements can provide an estimate of the propeller thrust.
In momentum theory, the propeller is modeled as an actuator disk that has a discontinuous increase in static pressure. Figure 1 
(adapted from McCormick
3 ) shows how the flow around the propeller is modeled. Equations 1 and 2 show the results for the propeller thrust from using the momentum theorem.
An important result is that the velocity at the propeller disk can be found to be the average of the freestream velocity and the velocity far downstream.
By introducing an induced velocity w, the velocity downstream can be defined as
Using Eq. 4 with Eq. 3, the velocity at the propeller is now
and the thrust can now be expressed as
Solving for the induced velocity (Eq. 7) shows that disk loading (T /A) is an important factor. An increase in the disk loading will increase the induced velocity. This dependence on the disk loading can be used to explain how the Reynolds number will affect the slipstream of a propeller. .
During static conditions (V ∞ = 0), the induced velocity (Eq. 7) becomes
Deters et al. 4, 5 showed that the Reynolds number can affect the thrust coefficient (C T ). A change in the thrust coefficient will directly affect the thrust by
Substituting Eq. 9 and the equation for the disk area given by
into Eq. 8, the induced velocity can be written in terms of the thrust coefficient and the rotational rate. The resulting equation for the induced velocity is thus
The static induced velocity equation shows that an increase in the thrust coefficient or the rotational rate will increase the induced velocity. By dividing by the tip speed of the propeller (V T = πnD), Eq. 11 becomes
Therefore, during static conditions, the ratio of the induced velocity to the tip speed is a function of the thrust coefficient.
The induced velocity in an advancing-flow slipstream is provided in Eq. 7. As shown in the equation, the freestream velocity has a direct effect on the magnitude of the induced velocity. By dividing the induced velocity by the freestream velocity, the ratio of the induced velocity to the freestream velocity is shown to be
Substituting in the thrust and disk area equations (Eqs. 9 and 10), as was done in the static case, results in
By using the definition of the advance ratio given by
Eq. 14 becomes
Thus, for a propeller at a constant advance ratio, the ratio of the induced velocity to the freestream velocity is a function of the thrust coefficient. A method to estimate the thrust of the propeller from pressure measurements is also a result from momentum theory. The rotational flow created by the propeller in the slipstream is ignored in classic momentum theory, so the total pressure upstream and downstream of the propeller can be written as
Subtracting Eq. 17 from Eq. 18 shows that the difference in the static pressure is the same as the difference in the total pressure.
So the relationship between the thrust and the pressure difference (Eq. 2) can be rewritten in terms of the total pressure.
As stated earlier, the above equations assumed that the rotational flow behind the propeller can be ignored. Considering the rotational component, the total pressure upstream and downstream of the propeller is more correctly written as
where v x , v y , and v z are the components of the velocity in the slipstream in the axial, tangential, and radial directions, respectively. Equation 21 assumes that the total pressure ahead of the propeller is the same as the freestream total pressure. Stanton et al. 6 and Fage et al. 7 showed through experiments that the total pressure ahead of the propeller was measured to be the same as the freestream total pressure. If the tangential and radial components are small compared to the axial component, then Eq. 20 will provide a reasonable estimation of the thrust. Stanton et al. 6 and Fage et al. [7] [8] [9] showed in experiments that using the difference in total pressure did provide a close approximation to the thrust measured directly from the propeller as long as the propeller was not operating near static conditions. 
III. Experimental Methodology
A. Experimental Setup
Slipstream measurements for an isolated propeller were conducted in the UIUC low-turbulence subsonic wind tunnel. The wind tunnel is an open-return type with a 7.5:1 contraction ratio. The rectangular test section is 2.8×4.0 ft (0.85×1.2 m) in cross section and is 8 ft (2.44 m) in length. To account for the boundarylayer growth at the side wall, the width of the test section increases by approximately 0.5 in (1.27 cm) over the length of the test section. In order to have low turbulence levels at the test section, a 4 in (10.2 cm) honeycomb and four anti-turbulence screens are in the settling chamber. The resulting turbulence intensity for an empty tunnel has been measured to be less than 0.1% at all operating conditions. 10 A 125 hp (93.2 kW) AC motor driving a five-bladed fan is used to control the test-section speed up to 235 ft/s (71.6 m/s). The maximum test-section speed for these tests was 40 ft/s (12.2 m/s). Test-section speeds were measured using a MKS 220 1-torr differential pressure transducer connected to static ports at the settling chamber and at the beginning of the test section. Ambient pressure was measured using a Setra Model 270 pressure transducer, and ambient temperature was measured using an Omega GTMQSS thermocouple.
Propeller slipstream measurements were taken using a 7-hole probe manufactured by Aeroprobe. 11 The advantage of using a 7-hole probe is that the static pressure, total pressure, and flow angles can be measured. From the pressures and flow angles, the three components of the flow velocity can be found. Pictures of the front and side views of the probe are shown in Fig. 2 . The probe has a diameter of 0.125 in (3.2 mm), and the tip has a 30 deg conical shape with hole diameters of 0.020 in (0.51 mm). The experimental setup to measure the slipstream is shown in Fig. 3 . The motor was mounted to a horizontal support beam that was upstream of the motor and propeller. The center of the propeller hub was aligned with the center of the support beam. While the support arm will affect the oncoming flow to the propeller, the slipstream was only measured in the vertical plane so the effect of the support arm was minimal.
Downstream of the propeller mount, the 7-hole probe was attached to two Zaber T-LST450B motorized linear slides. One slide moved the probe vertically while the other moved along the flow direction. A vertical slice of the propeller slipstream was taken at various points behind the propeller. The two Zaber slides were mounted outside of the test section on the ceiling. Each slide had a range of 17.7 in (45 cm), which allowed the slipstream to be measured three diameters downstream for 5 in propellers and 1.5 diameters downstream for 9 in propellers. To keep the test section closed, the slides were sealed in a box and were therefore at the same pressure as the tunnel. Each hole of the probe was attached to a MKS 220 1-torr pressure transducer where the tunnel static pressure was used as the reference. During static tests, the tunnel side walls were opened in order to keep the tunnel test section at atmospheric pressure. The MKS pressure transducer used for each hole was the same as the one used during calibration. Using the same pressure transducers ensured that any errors in the transducer calibration slopes were taken into account in the 7-hole probe calibration data.
A second setup was used to measure the effect of a flat-plate wing on the static slipstream of a propeller (Fig. 4) . These tests were performed outside of the wind tunnel. The flat-plate wing used in this study had a chord of 3.5 in, a thickness of 4.3%, and an aspect ratio of 4. The airfoil for the wing had a 5-to-1 elliptical leading edge and a 10-to-1 elliptical trailing edge. The wing was rapid prototyped using SLA, and more information can be found in Ananda et al.
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The wing was placed behind the propeller at two different locations, and several propellers were tested. The 7-hole probe was attached to the two Zaber slides in order to gather several vertical slices of data along the span of the wing. One Zaber slide moved in the vertical direction while the other moved in the wingspan direction. Three locations behind the wing-propeller were measured, and for each location the 7-hole probe and Zaber setup was moved so that the front of the probe was at the desired location.
B. 7-Hole Probe
As mentioned earlier, the 7-hole probe was used because it provides total pressure, static pressure, and the flow angle at a point in the slipstream. With the pressures and flow angle, the three components of the flow velocity can be found. Since it is a pressure probe, the results found are the average conditions at that probe location. A detailed explanation of the theory behind a 7-hole probe is not provided here, but it can be found in Gallington et To use the 7-hole probe accurately, calibration was performed at the flow velocities expected. The purpose of calibration is to determine pressure calibration coefficients at known flow angles and at known total and static pressures. These calibration coefficients are then in turn used to determine the flow angle, total pressure, and static pressure in an unknown flow. While these coefficients should be generally velocity independent for incompressible flows, the Reynolds numbers expected for the slipstream measurements were low. The calibration flow speeds of 10, 20, 30, and 40 ft/s (3.0, 6.1, 9.1, and 12 m/s) had Reynolds numbers, based on the hole diameter, of approximately 100, 200, 300, and 400, respectively. According to Barker 18 and Bryer et al., 19 the measurement of dynamic pressure as
starts to not hold true when the Reynolds number of a total pressure probe hole is around 100. By calibrating at these four speeds, any Reynolds number effects will be taken into account. A total of 2052 calibration points were taken at each flow speed, and flow angles went up to 56 deg. While a 7-hole probe is capable of measuring flow angles of 80 deg, the flow angles during calibration were kept at a maximum of 56 deg due to a physical constraint in the calibration setup. The wind tunnel turntable limited the flow angle to 56 deg. At that angle and at the maximum calibration speed (40 ft/s), the pressure transducers were also near their operational limits.
To test the calibration data, a set of 99 points of known flow velocity and angle were measured using the 7-hole probe. From these test points, the average difference in velocity was found to be less than 0.2 ft/s, and the average difference in flow angle was less than 1.1 deg. The largest difference between known values and those found with the 7-hole probe were usually when the velocity was below 5 ft/s.
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When using the 7-hole probe to take flow measurements, an average of three 3-second measurements was used. Since there were four sets of calibration coefficients (one for each calibration flow speed), each measurement resulted in four solutions. To determine which set to use as the final result, the calculated velocity is used. While the four sets will provide slightly different results, there is usually only a few percent difference in the calculated velocities. If the calculated velocity is close to one of the calibration flow speeds (10, 20, 30 , or 40 ft/s), then that flow speed calibration set is used. If the calculated velocity falls between two calibration flow speeds, then the results from the two calibration sets were interpolated.
C. Propellers
The slipstream results from several propellers are discussed in this paper. Two propellers (GWS Direct Drive 5×4.3 and APC Sport 4.2×2) were off-the-shelf and five propellers (5 in and 9 in DA4002, 5 in and 9 in NR640, and 9 in DA4022) were created using an Objet Eden 350 3D printer. A discussion on the design and manufacturing of the 3D-printed propellers can be found in Deters et al. 4, 5 The geometry of the seven propellers are provided here and can also be found in Deters 4 and on the APA Propeller Database. 
IV. Propeller Slipstream Measurements
As stated in Section III, vertical slices of the propeller slipstream were taken at different locations downstream from the propeller. Each vertical slice is representative of the shape of the full slipstream of an isolated propeller. Propeller slipstream measurements in both the static and advancing-flow conditions are presented in this section. The effect on the slipstream from a flat-plate wing placed behind a propeller was also measured during static conditions, and since the slipstream was no longer axisymmetric, multiple vertical slices of the slipstream were taken. More slipstream results can be found in Deters. 
A. Static Conditions
The slipstreams from a variety of propellers were taken during static conditions in order to determine their general characteristics. Results from two propellers (GWS 5×4.3 and APC 4.2×2.2) are presented here. Figure 12 shows the slipstream measurements in the axial direction of the GWS 5×4.3 propeller at 5,000 RPM at various locations behind the propeller. A picture of the propeller is provided on the left side of the figure for reference. The location of the propeller (center of the hub) during testing was at x/D = 0. Only the top half of the propeller slipstream was measured since it was assumed that the slipstream was symmetric. Each arrow in the figure shows the magnitude and direction of each slipstream measurement. For the slipstream profiles closer than x/D = 0.5, some blade locations do not show a velocity measurement. Since the 7-hole probe was limited to being able to measure flow angles up to 56 deg due to calibration limitations, an attempt was made to see if additional velocities could be measured at the closest location behind the propeller by changing the 7-hole probe orientation. This attempt did not provide any additional measurements near the propeller tip or near the hub. The 7-hole probe provides an average velocity measurement, so any velocities near the tip or hub could be too unsteady for a good measurement.
From the static performance results 4, 5, 20 ( Fig. 13 ), the C T0 and C P0 are 0.15 and 0.080, respectively. The velocity measurements shown in Fig. 12 are a good representation of the general trends found in a static slipstream. As seen in the figure, beyond x/D = 0.5, the slipstream starts to expand as the maximum velocity in the slipstream starts to decrease and move towards the center of the slipstream. The expansion Fig. 14 . Similar to the axial measurements, the maximum swirl value decreases as the slipstream expands, but it is still measurable three diameters downstream. Again a picture of the propeller is provided for reference. As shown, the propeller direction of rotation is counter-clockwise. The arrows in the figure show the measured velocity magnitude and direction.
To show the trends more clearly, Figs. 15a and 15b show the axial and swirl velocities, respectively, of the slipstream of the GWS 5×4.3 at 5,000 RPM. The axial velocity is represented by u, and the swirl velocity is represented by v. For these plots, the swirl velocity is taken to only be the tangential velocity. As seen in Fig. 15a , the slipstream spreads out, and the maximum velocity moves towards the propeller center. From  Fig. 15b , the swirl stays about the same until x/D = 1 where it lessens and spreads out. From the discussion on the induced velocity from momentum theory (Section II), it was shown that the ratio of the induced velocity to the tip speed is a function of the thrust coefficient. For many of the small-scaled propellers tested by Deters et al., 4, 5, 20 an increase in the Reynolds number (propeller RPM) led to an increase in the thrust coefficient. Therefore, it is expected that the thrust coefficient increase will also increase the induced velocity ratio. While momentum theory ignores the effects of swirl, the increase in the induced velocity ratio from Eq. 12 should still be seen as an increase in the ratio of the axial velocity to the tip speed.
To demonstrate this Reynolds number effect on the propeller slipstream, measurements were taken of the APC 4.2×2 propeller at two rotational speeds: 9,000 RPM and 12,000 RPM. Figure 17 shows the axial and swirl velocities at 9,000 RPM. Similar to the GWS propeller, the maximum axial velocity past x/D = 0.5 lessens and moves towards the center, and the swirl lessens as it moves downstream. A comparison between the two rotational speeds for the APC propeller is shown in Fig. 18 . The faster rotational rate leads to a higher thrust and therefore a larger axial flow as seen in the figure. The increase in the thrust also causes an increase in the induced power, so an increase in the swirl velocities is also seen. While the magnitudes of the velocities for the 12,000 RPM case are larger, the shape of the slipstream is the same between the two rotational rates. Figure 19 shows the axial and swirl velocities divided by the tip speed. For the three downstream locations shown, the larger rotational speed produces a larger u/V T and v/V T . From the static performance results (Fig. 16) , 4, 5, 20 the static thrust coefficient is 0.082 at 9,000 RPM and is 0.089 at 12,000 RPM. Using Eq. 12, momentum theory predicts that the increase in u/V T would be 4.2%. Using the maximum axial velocity, the increase in u/V T at x/D = 0.5 is 2.6%.
The results from the APC propeller show that the Reynolds number effect on the static thrust coefficient is also seen in the slipstream measurements. The increase in the axial velocity ratio predicted by momentum theory was greater than the amount measured from the slipstream, but the predicted increase is still useful. Using the results from Eq. 12, a static propeller slipstream at a known thrust coefficient can be scaled to another thrust coefficient. The amount of scaling given by momentum theory was shown to be greater than actual measurements, and the amount of scaling should be lessened.
While the two propellers discussed here had different planforms, the general shape of the velocity profiles are about the same. For the axial velocity at locations near the propeller, the maximum velocity is close to the 75% blade station. The peak velocity moves to around 50% around x/D = 0.5 and 1. At x/D = 2, the peak is around 25%, and by x/D = 3, the peak is nearly at the center of the propeller. For the swirl velocity, the pattern is more varied, but by three diameters downstream, the swirl has basically evened out. While results for only two propellers are shown, the same patterns in axial and swirl velocities are seen in the other propellers tested. 4 The results of these slipstream measurements follow the same trends as the propeller slipstream model developed by Khan and Nahon.
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B. Advancing-Flow Conditions
Slipstreams measurements were taken for a variety of propellers in an advancing flow. A typical advancingflow slipstream is shown in Fig. 20 for the GWS 5×4.3 propeller at 5,000 RPM and 18 ft/s (J = 0.52). The vectors show the direction and magnitude of the measured velocity behind the propeller in the axial direction. As shown in the figure, a slipstream in an advancing flow is much different than the static slipstream (Fig. 12) . Instead of expanding like the static slipstream, the shape of the advancing-flow slipstream seems to not vary. The swirl measurements for the propeller at the same conditions are shown in Fig. 21 . The swirl velocities stay fairly consistent at the different points downstream.
Similar to the static slipstream discussion, Fig. 22 shows the axial and swirl velocities more clearly. As seen in the figure, the slipstream width decreases shortly behind the propeller (by x/D = 0.5) and the edge velocity to the freestream velocity for a propeller at a constant advance ratio is a function of the thrust coefficient (Eq. 16). Since there is no change in C T at a constant advance ratio, then no change in the ratio of the induced velocity to the freestream velocity is expected.
While many of the propellers tested did show an increase in C T with an increase in the rotational speed, it was difficult to show any significant change in the slipstream measurements. There were two main factors leading to this difficulty. The first was that many of the propellers only showed a small change in C T , so only a small change in the induced flow ratio would be expected. The second was that the advance ratio is required to be constant in order to accurately show the effect of C T . The advance ratio is part of Eq. 16, so any change will also affect the expected results. The 9 in DA4002 propeller was selected to show the effect of an increase in C T due to the large measurable difference in C T seen in its performance results (Fig. 24) . 4, 5, 20 At an advance ratio of 0.64, the thrust coefficient at 2000 RPM was 0.047 and at 5000 RPM was 0.056.
The slipstream measurements of the 9 in DA4002 propeller at 5,000 RPM and 40 ft/s (J = 0.64) are shown in Fig. 25 . Similar to the GWS 5×4.3, the slipstream contracts downstream, and the axial velocity increases downstream. Unlike the static slipstreams, the axial velocity profiles do not look the same between two different propellers. The GWS propeller has a more rounded profile where the peak is around the 60% blade station, but the DA4002 profile is more linear and the axial velocity continuously increases from the 30% station until its maximum around 80%. Having different axial velocity profiles between the two propellers is not surprising given that the two propellers have different chord and twist distributions. The swirl velocity profiles are similar between the two propellers.
As mentioned earlier, the 9 in DA4002 slipstreams were measured to see the effect of an increasing thrust coefficient. Figure 26 shows slipstream measurements taken at two different rotational rates (Reynolds numbers). As predicted by Eq. 16, the axial velocity ratio (u/V ∞ ) increased when the thrust coefficient increased at the same advance ratio (Fig. 26b) . At each downstream location, the axial velocity ratio measured at 5,000 RPM was larger than at 2,000 RPM.
The 9 in DA4002 was also tested at a constant rotational speed with changes in the freestream velocity and thereby changing the advance ratio. Figure 27 shows the propeller at 5,000 RPM and at 34 and 40 ft/s. These conditions correspond to advance ratios of 0.57 and 0.64. As the advance ratio increases, the difference between the axial velocity behind the propeller and the freestream velocity decreases, and the magnitude of the swirl decreases. These decreases in the velocities directly show a decrease in the thrust and power of the propeller as the advance ratio increases. Unlike the static slipstreams, the advancing-flow slipstreams do not expand downstream after the initial contraction. The GWS propeller showed that by three diameters downstream, the edge of the advancing-flow slipstream does become less defined, and there is less of a sudden change between the velocities in and out of the slipstream. At three diameters downstream, however, the swirl is still present, and the magnitude has not diminished. The behavior of the swirl agrees with slipstream measurements taken by Pannel and Jones who were able to measure swirl 8 diameters behind a propeller. 22 Another difference between the static and advancing flow slipstreams is the profile shape of the axial velocity. For the static slipstreams, the axial velocity profiles generally had the same shape and only the magnitude differed. For the advancing-flow slipstreams, the axial velocity profiles are dependent on the propeller geometry. However, the swirl velocity profiles for an advancing flow were very similar in shape for each propeller.
As discussed in Section II, the total pressure measurements of the slipstream can be used to estimate the thrust produced by the propeller. As was suggested in the literature, thrust due to the difficultly in measuring the outer edge of the slipstream; the outer velocities were either too small or at too large of an angle for the 7-hole probe to measure. Table 1 shows the thrust calculated from the advancing-flow slipstreams for a few propellers. The thrust measurements are from the advancingflow performance tests found in Deters et al. 4, 5 and on the UIUC Propeller Database. 20 Results from the slipstream measurements are a reasonable estimate to the measured thrusts with differences around 15% and less.
Ideally the thrust should be measured from the difference in the static pressure behind the propeller and ahead of it. The 7-hole probe provides the static pressure difference, but the static pressure ahead of the propeller is not known. An estimate of the static pressure ahead of the propeller can be made by assuming the axial velocity measured at the closest position downstream of the propeller is the same as the velocity just ahead of the propeller. Momentum theory states that the velocity through the propeller is continuous while there is a discontinuous pressure increase. This assumption also ignores any frictional losses imparted by the propeller blades. Momentum thoery also assumes that the velocity is uniform along the propeller, but slipstream measurements clearly show that this is not the case. From Bernoulli's equation, the static pressure ahead of the propeller can be found from the total pressure and the velocity at the propeller by
The total pressure was assumed to be uniform ahead of the propeller based on experiments done by Stanton et al. 6 and Fage et al. 7 Using the axial velocity behind the propeller for the velocity V 1 , the static pressure ahead of the propeller was estimated. Since the measured axial velocities were not constant along the propeller, the calculated pressures ahead of the propeller were not constant. Using the static pressures calculated from Eq. 24 and the static pressures found from the 7-hole probe, the thrust was calculated. Table 2 shows the thrust calculated using the slipstream total pressure difference and the slipstream static pressure difference for the DA4002 propellers. It seems that the static pressure method estimates a lower thrust, and in general using the total pressure provides a better estimate. By using a pitot probe that is fairly insensitive to the flow angle, the thrust of a propeller can be estimated by the total pressure measurements behind the propeller. Total pressure measurements should be taken as close to the propeller as possible for the best results as shown in Table 3 for the 5 in NR640 at 6,000 RPM and 20 ft/s. Further downstream, the thrust calculated from the total pressure difference becomes smaller. 
C. Wing Effect on Static Slipstream
In the previous sections, the slipstreams discussed were for an isolated propeller. These slipstreams are very useful for describing the flow from a small rotorcraft such as a quadrotor or the flow directly behind a propeller before it interacts with a lifting surface of an aircraft such as a wing. When a propeller slipstream encounters a surface like a wing, the rotational part of the slipstream will be impeded by the wing, and skin friction from the wing will also affect the motion of the propeller slipstream. The resulting propeller-wing flow will be different than the flow behind just a propeller.
To study the effect of a wing on the propeller slipstream, a flat-plate wing was placed behind a propeller and tested during static conditions, which would represent a small aircraft in hover. Many small aircraft have a large enough thrust-to-weight ratio that allows the aircraft to hover using only the thrust of the propeller to counter the weight of the aircraft. During hover, the aircraft is oriented vertically and looks to be "hanging" by the propeller, which is why this maneuver is sometimes called prop hanging. The control surfaces of the wing and tail are used to control the aircraft, and they must rely on the flow from the propeller slipstream in order to generate any aerodynamic forces. Due to the wing-propeller interaction, the propeller slipstream seen by the tail will be different than the slipstream seen by the wing.
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The results of one propeller tested with the flat-plate wing are presented in this section; results from two additional propellers can be found in Deters. 4 The 5 in DA4002 with two blades was tested with the leading edge of the wing at 0.5D (2.5 in) and at 0.125D (0.625 in) downstream. For the wing-propeller slipstream measurements, the wing was horizontal and set to an incidence angle of 0 deg with the leading edge aligned with the center of the propeller. For the case where the wing was located 0.5D downstream, slipstream measurements were taken at 1.5 and 2D (7.5 and 10 in) behind the propeller. With respect to the wing, the measurements were taken 1.5 and 4 in behind the trailing edge. For the case where the wing was located 0.125D downstream, the slipstream was measured at 1, 1.5, and 2D (5, 7.5, and 10 in) behind the propeller or 4.125, 6.625, and 9.125 in from the trailing edge of the wing. Since the wing-propeller slipstream was no longer axisymmetric, vertical slices at multiple wingspan locations were taken in order to have a more complete picture of the slipstream.
Slipstream measurements for the propeller-only case of the DA4002 are shown in Fig. 28 . The vectors show the swirl velocity, and the contour shows the axial velocity in ft/s. The distances along the axes are nondimensionalized by the propeller radius of 2.5 in with x along the span of the wing and y above (positive) or below (negative). From the direction of the swirl vectors, the plot is a view of the plane looking towards the propeller from downstream. As seen in the figure, the propeller slipstream is basically axisymmetric. As was shown in the static slipstream results (Section IV-A), the propeller slipstream expands, and both the axial and swirl velocities decrease. Figure 29 shows the results for the case with the wing 0.125D behind the propeller. The wing-propeller slipstream is clearly not axisymmetric, and the wing looks like it has caused the upper and lower parts of the slipstream to separate and diverge. As the slipstream moves downstream, the location of maximum axial and swirl velocities on the upper and lower parts of the slipstream move farther apart in the direction of their respective swirl velocities. Results for the wing 0.5D behind the propeller are shown in Fig. 30 . Similar to the wing at 0.125D, the wing at 0.5D causes the slipstream to split and the upper and lower portions to diverge. However, the amount of movement away from the center is less than the 0.125-D case.
While the wing causes the maximum axial and swirl velocities to move away from the center of the propeller, it can be seen in Figs. 28-30 that the maximum velocities at each downstream location still have about the same magnitude. Figure 31 shows the velocities measured 2D downstream at the wingspan locations where the axial and swirl velocities were the greatest. For the propeller-only case, the velocities are at the propeller center (0 in); for the wing at 0.125D, the velocities were measured 2 in (x/R = 0.8) from the center, and for the wing at 0.5D, the velocities were measured 1 in (x/R = 0.4) from the center. As seen in the figure, the axial velocities for all three cases are very similar. For the swirl velocities, the three cases are very close past y/R = 0.5. 
V. Conclusions
Slipstream measurements were successfully measured using a 7-hole probe. For the static conditions, the slipstream expands with both the magnitudes of the axial and swirl velocity profiles decreasing as the slipstream moves downstream. While a variety of propellers with different planform shapes were tested, the general shape of the axial velocity profile was the same. The maximum axial velocity would occur near the 75% blade station close to the propeller and moved towards the center as the slipstream progressed downstream. From the APC static condition results, it was shown that if Reynolds number effects were seen in the static thrust coefficient, then Reynolds number effects were also seen in the axial velocity ratio. In other words, as the thrust coefficient increased, the axial velocity ratio increased. However, the amount of change in the axial velocity ratio was small and less than what was predicted by momentum theory. The static slipstream results presented in this paper showed that if the slipstream velocities were known for a propeller at one rotational rate, the velocities at another rotational rate could be estimated by scaling the velocities by the tip speed and accounting for any Reynolds number effects.
During advancing-flow conditions, the slipstream was seen to contract instead of expand. The minimum size of the slipstream was seen to occur by x/D = 0.5. Unlike the static slipstreams, the shape of the axial velocity profile for each propeller was dependent on the planform of the propeller. Reynolds number effects on the thrust coefficient could be seen in the advancing flow slipstreams as an increase in the ratio of the axial velocity to the freestream velocity. Using the total pressure measurements from the advancing-flow slipstreams, an estimate of the thrust of the propeller could be made.
Finally the effect of a flat-plate wing on a propeller slipstream was measured during static conditions. When a flat plate splits the slipstream, both halves move away from each other in the direction of their respective swirl velocities. While the wing separates the upper and lower parts of the slipstream, it does not in fact lower the axial or swirl velocities. How far the halves of the slipstream move away from each other is dependent on how close the wing is to the propeller. At two diameters downstream, the location of the maximum axial and swirl velocities were 2 in from the propeller centerline for the 0.125D wing case and were located 1 in from the centerline for 0.5D wing case.
